NUCLEAR INSTRUMENTS AND METHODS

1V. Spallation sources

145 (1977) 91-113 ;

© NORTH-HOLLAND PUBLISHING CO.
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The role of pulsed spallation neutron sources for slow neutron spectroscopy is sketched. Various methods of neutron pro-
duction, and some aspects of the spallation neutron production process are outlined. Accelerators for pulsed spallation
neutron sources are discussed. Materials and coolants for neutron-producing targets and moderators are surveyed. The
performance of moderators and the effects of varying size, composition, and temperature are summarized. Expressions for
estimating moderator performance are given. The effect of moderator-reflectors, which enhance the slow neutron beam
current at low energies, are examined. The ZING-P prototype pulsed neutron source and the proposed Intense Pulsed

Neutron Source are described.

Pulsed spallation sources are a new generation of sources for slow neutron spectroscopy which offer an order of mag-
nitude improvement over currently available thermal neutron flux and several orders of magnitude greater epithermal flux.

1. Introduction

The special properties of neutrons have long
been exploited for the study of condensed matter.
Neutron diffraction and inelastic scattering have
now become keen tools for determination of
atomic and magnetic structures and excitations').
The range of phenomena in which neutron scat-
tering techniques are used spans biology, chemis-
try, solid state physics, metallurgy, ceramics, liq-
uids, polymers, ... providing in many cases infor-
mation unobtainable by any other means. In other
cases invaluable information complementary to
that obtained by more traditional methods is ob-
tained. Table 1 summarizes the unique properties

TABLE 1

Advantages and disadvantages of neutron scattering tech-
niques.

1. Scattering length varies irregularly among elements and iso-
topes (for nuclear scattering).

2. No form factor is associated with nuclear scattering.

3. Neutrons carry no charge, penetrate volume of sample.

4. Neutrons carry a magnetic moment and are a unique probe of
magnetism.

S. Sources provide neutrons whose wavelength and energy are
well matched to interatomic spacings and excitations in con-
densed matter.

6. Technique is intensity limited and costly.

Based on work performed under the auspices of the U.S.
Energy Research and Development Administration.

of slow neutrons which have led to their wide and
vigorous use.

Table 1 also notes a disadvantage of neutron
scattering methods; that in most applications the
technique is intensity limited. This is in spite of
the fact that sources providing thermal neutron
fluxes exceeding 10' n/cm?-s are available. For
example, the highest, 1.2x 10" n/cm?-s is prov-
ided by the high flux reactor at the Institut Laue
Langevin, Grenoble, France. This reactor is also
the most extensively instrumented neutron source
which exists and supports a steadily growing pro-
gram which amounted to 535 experiments in 1975.
Energetic programs also exist at many other cen-
ters.

Steady state fission reactors are the most com-
mon neutron sources. However as can be observed
in fig. 12), reactor developments are reaching the
limits of practically attainable flux. The limits are
imposed by a combination of engineering limita-
tions related to the power density in the core and
by economic constraints.

Pulsed neutron sources are able to provide mo-
mentarily higher neutron fluxes than those pro-
vided by steady state reactors. Since pulsed
sources operate only part time, the momentary
power density, and therefore the momentary neu-
tron flux, can be very high, while the average
power density is still within practical limits. If the
repetition frequency is large enough and the pulse
width short enough then for a large class of neu-
tron scattering applications the performance of
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Fig. 1. Available neutron fluxes have increased with develop-
ment of accelerator sources and nuclear reactors?). Pulsed
sources are a new generation of neutron sources which will in-
crease available fluxes by at least a factor of ten.

pulsed sources can be compared with that of stea-
dy sources on the basis of pulsed source peak flux
versus steady source average flux. Time-of-flight
(TOF) methods have been developed and used at
steady state reactors and at a number of electron
linear accelerator and pulsed reactor sources.
Time-of-flight methods (using choppers) on steady
sources are in general comparable in efficiency to
steady state methods (for example using crystal
monochromators) and are preferred for certain
classes of measurements. For other applications
steady state techniques are the preferred methods
and there is a deep traditional commitment to
steady state techniques in these areas. It is reason-
able to expect that the availability in the future of
major pulsed sources will lead to such develop-
ments of time-of-flight techniques that they will
have a major impact in several of these areas as
well. The advantages and disadvantages of pulsed
sources are summarized in table 2.

TABLE 2
Pulsed neutron sources.

Advantages

1. High effective intensity is obtained for the same average neu-
tron production.

2. Source pulse defines one element of the resolution function.

3. Background is low; source is off most of the time.

4. Spectrum is rich in epithermal neutrons.

1.

5. Resolution 4£y/E, is nearly constant.

Disadvantage
Time-of-flight techniques are obligatory.

J. M. CARPENTER

Pulsed neutron sources based on the proton in-
duced spallation process are capable of providing
peak thermal neutron fluxes at least an order of
magnitude greater than those available in steady
reactors. These also provide peak epithermal neu-
tron fluxes two or three orders of magnitude grea-
ter than are now available. Such an increase in
available flux has not occurred since the early
years of reactor development. The cost of such a
source will be less than the cost of a new steady
state research reactor. These increases come about
because of the low average heat dissipation accom-
panying pulsed operation, because the spallation
process is relatively efficient compared to fission
and other processes and because accelerators can
be built which provide the needed proton beam in-
tensity, pulse length and repetition frequency.

2. Survey of methods of neutron production

It is useful to compare several possible mechan-
isms of neutron production. Features of several
processes are shown in table 3; each has been
used (except the last) for production of neutrons
for certain purposes. Since power density limits at
the source must be considered, the energy depos-
ited per neutron produced is a very important par-
ameter. The usefulness of each reaction depends
not only on the tabulated features, but also on
other factors, such as the energy and angular dis-
tribution of the neutrons, the range of the charged
particle in charged particle reactions, the availabil-
ity of ion sources and suitable accelerators, and
criticality constraints (in the case of reactors). In
the case of controlled thermonuclear reaction
(CTR) devices, the feasibility of the scheme has to
be demonstrated.

Neutron sources based on some of these pro-
cesses have approached technological limits. The
rotating target D, T source at Lawrence Livermore
Laboratory is close to the power density limit of
the D, T solid target sources and produces approx-
imately (2-3) x 10'?2 n/s continuously. The 35 MeV
deuteron stripping source proposed by Brookhaven
National Laboratory is designed to push energy
deposition limits very hard and is expected to pro-
duce 3x 10" n/s continuously. The 35 MeV deu-
teron stripping source proposed by Brookhaven
National Laboratory is designed to push energy
deposition limits very hard and is expected to pro-
duce 3x10%n/s (average) using 7 MW of beam
power on a flowing liquid lithium target. Electron
bremsstrahlung photoneutron sources have ap-
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TABLE 3
Features of some neutron producing mechanisms.

Process Example Yield Energy deposition

(MeV/n)

D, T solid target 400 keV deuterons on T in titanium 4x10-5n/d 10,000

Deuteron stripping 35MeV D on liquid Li 25x10-3n/d 10,000

Electron bremsstrahlung photoneutron 100 MeV e~ on 238U Sx10-2n/e 2000

Fission 25U(n, ) 1 n/fission 180

Spallation 800 MeV protons on 238U 30 n/proton 55

D, T CTR Laser or ion-beam imploded pellet 1 n/fusion 3

proached the heat transfer limits at the target; the
Oak Ridge Electron Linac (ORELA) and the new
Harwell Linac, are such examples with neutron
production rates of about 2x 10" n/s (average)
operating in a pulsed mode. The situation with
steady state fission reactors is demonstrated by
the trend towards saturation of fluxes as shown in
fig. 1. The combination of technological and cost
constraints limits the power of research reactors to
about 100 MW (3 x10® n/s) and accompanying
thermal neutron fluxes to about 10" n/cm?-s.
Pulsed reactors or fission boosters such as the
Soviet IBR-II, soon to be completed at Dubna,
operate at average power up to 2MW
(6x 10" n/s). The instantaneous thermal neutron
flux in IBR II will be 10'* n/cm?-s, pulsing at 5/s,
but the duration of the pulses, about 75 us at high
power, is a major disadvantage of pulsed reactors
for spectroscopy with short wavelength neutrons.
Fast burst test reactors and nuclear fission deton-
ations can be operated only at low frequencies
(about 1/h and 1/month, respectively) which
makes them of little interest in the present con-
text.

The spallation reaction has been demonstrated
for use as a neutron source for a number of pur-
poses including condensed matter res€arch. The
feasibility of high current pulsed accelerators, the
high neutron yield and the low energy dissipation
make it especially attractive as the base for the
next generation of high flux neutron sources. Us-
ing 0.5 mA (average) 800 MeV protons and a 2¥U
target, and providing 150 nanosec source pulses at
60 Hz, the Intense Pulsed Neutron Source pro-
posed by Argonne National Laboratory will pro-
duce 9 x 10" n/s (average).

Laser-imploded pellet fusion reactions have
been induced which produce up to 107 n/pulse;
quite far from the energy breakeven (Lawson crite-
rion) condition. The pulse frequency is about once

per hour. The questions of the limits on pulsed la-
ser beam intensity and the feasibility of igniting
compressed pellets remain to be solved in the case
of laser-imploded pellet fusion sources. There is
current interest in pellet fusion using pulsed high
energy ion beams. High output reactions remain
to be achieved by any method but this is an in-
teresting prospect for future high intensity neutron
sources.

Table 4 compares some existing and proposed
pulsed neutron sources.

3. Spallation neutron production

This section presents the most important fea-
tures of the spallation neutron production me-
chanism. Fig. 2 shows the neutron yields for var-
ious proton energies, materials and target sizes
measured by Fraser et al.’) — the yield is the total
number of neutrons escaping from the target. A
reasonable fit to the data for 10.2 cm x 60 cm long
targets is the function

0.1(A+20) (Egey —0.120),

(A>9, except >**U)
Y(E) =
50 (Eg.y—0.120), <15

238
0 (1b)

where A4 is the mass number of the target nuclei.
For 800 MeV protons on U, the yield is estimated
to be 33 n/p.

The spallation process is a multiple collision
process. The first interactions of energetic protons
are with nucleons loosely bound by comparison
with the proton energy. The particles in the
nucleon—-meson cascade which follows the initial
interaction go on to collide again with other par-
ticles in the same and other nuclei, until their en-
ergy is spent. Energetic neutrons (as well as pro-
tons and other particles) emerge from the target in
a distribution which extends in energy up to the
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TABLE 4
Some pulsed neutron sources for slow neutron scattering.

M. CARPENTER

Facility Characteristics Average fast Source Pulse Status
neutron pro- pulse repetition
duction rate width frequency
(n/s) (us) (Hz)
A. Spallation sources
ZING-P (Argonne, US) 200 MeV protons, Pb target 5 x 10! 0.2 10 Operated 1974, 1975
ZING-P’ (Argonne, US) 500 MeV protons, W target 2.4 %1014 0.2 30 To be operational
Spring, 1977
IPNS (Argonne, US) 800 MeV protons, U target 9 %106 0.25 60 Proposed
SNS (Rutherford, UK) 800 MeV protons, U target 4 %106 0.25 53 Proposed
LAMPF-WNR
Los Alamos, US) 800 MeV protons W target (1-2)x 105 5-10 120 To be operational
Spring, 1977
with storage ring x 1015 0.2 5-120 Proposed
KENS (Tsukuba, Japan) 500 MeV protons, 238U target 3 x10M 0.07 15 To be operational, 1979
B. Photoneutron sources
ORELA (Oak Ridge, US) 140 MeV e~ Ta target 1.1 x 1014 0.1 Up to 1000 Operating
Harwell Linac I (UK) 45MeV e~ U target 2. x 1013 1.7 192 Shutdown, 1976
Harwell Linac II (UK) 60 MeV e~ U target 2. x 1014 2-5 150-600  To be operational
Fall, 1978
Kurchatov Linac (USSR) 32MeV e~ U target 2.2x1012 0.6 Up to 120 Operating
Toronto (Canada) 27MeV e~ W target 2.0 Up to 960 Operating
Tohoku (Japan) 250 MeV e~ W target 1.4x 1013 3.0 110 Operating
C. Pulsed reactors and fission boosters, aug. power, MW
IBR-30 s
(Dubna, USSR) as reactor 238U 0.03 50. 5 "
as oooster 44 MeV e~ 14 kW 0.03 1.8 oo ~ Operating
IBR-II -
(Dubna, USSR) as reactor Pu 2 MW 75. 5-50 .
as booster 30MeV e~ 200 kW 2MW 5. so Yo be operating, 1977

energy of the incident protons and which is
strongly peaked in the forward direction. After the
cascade, nuclei left in a state of excitation cool off
by evaporating neutrons (and some other parti-
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Fig. 2. Measured neutron yield vs proton energy for various
targets3).

cles). In heavy nuclei, fissions may be induced
with consequent further production of neutrons
evaporated by fission products.

The evaporation component of the spectrum is
nearly isotropic with a characteristic temperature
of a few MeV. Virgin neutrons may make several
collisions in the target before emerging, softening
the spectrum somewhat. In this complex process
few photons are produced. The main contribution
to photon production in spallation targets accom-
panies the induced fissions; in non-fissioning tar-
gets, photon production is very small.

The spectrum of neutrons emerging from var-
ious targets has been calculated by Fullwood et
al.) using Monte Carlo codes following the de-
scription of the spallation process outlined above.
Neutron yields depend on target size and are
somewhat smaller for smaller targets.

Fig. 3. shows spectra for 15cm diameter
x 30 cm long targets of lead and uranium. The
spectra consist of two components, the cascade
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Fig. 3. Comparison of 47 neutron spectra for 233U and Pb cyl-
inders 15 ¢cm diam., 30 cm long with 800 MeV protons incident
on axis?).

component extending up to the proton energy
800 MeV, and the evaporation component which
is dominant up to about 20 MeV. In the spectrum
for the uranium target of fig. 3, the evaporation
component contains about 97% of the neutrons,
for the lead target, about 95%. Even though the
cascade neutrons are a small fraction of the total,
these dominate shielding requirements, and neces-
sitate thicker shields than are usual in reactors.

Neutrons are not produced uniformly in the tar-
get, but are spread out over a distance comparable
with the range of protons in target materials. A
reasonably accurate empirical relationship for the
range R is

pR(E,) = 2332"%% (Eg.y—0.032)""" .

2210, 0.1 <EZL1IGeV. (2

For 800 MeV protons in uranium (p=18.7 g/cm’)
the range is 25c¢cm. Fullwood et al.*) have also com-
puted the axial distribution of neutrons produced,
fig. 4. Shown in the figure is a line representing
the exponential decrease of the neutron produc-

tion density in the mid range of the target. The
relaxation length is identifiable with the mean free
path of high energy nucleons. At the incident end
is a “buildup” effect, and at distance near the
proton range the production density decreases
toward zero.

The mean free path for collisions of high energy
(F =250 MeV) nucleons can be estimated from
Ashmore’s formula®) for the total inelastic cross
section
0.0 = 15.9714% mb/nucleus. 3)

For uranium (p =18.7 g/cm’) the mean free path
thus computed is 11 cm.

The energy of the proton beam is left in the tar-
get in part as nuclear separation energy, and in
part as sensible heat. Spallation protons, neutrons,
etc. contribute to the sensible heat by ionizations
and collisions as do the fragments and particles of
fission while significant energy leaves the target as
kinetic energy of the neutrons and other particles,
to be deposited elsewhere. The question of the en-
ergy deposited per neutron produced is thus fairly
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Fig. 4. Radial and axial distribution of the production of evap-
oration neutrons in a 7.5 cm radius, 30 cm long 233U target
with 800 MeV protons incident on axis®).
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complex and dependent on target size as well as
material and proton energy and is especially influ-
enced by the presence of fissions. Fig. 5 shows the
neutron yields and heat per neutron calculated by
Fraser et al.%) for 10 cm diameter x 60 cm long Pb
and 28U targets. The heat per neutron decreases
with increasing proton energy and levels off. For
800 MeV protons on Pb the calculations of Fraser
give 30 MeV/neutron (480 MeV/proton) and on U,
55MeV/n (1650 MeV/proton). The difference in
heat generation and neutron production between
Pb and U can be accounted for satisfactorily as
being due to fissions in U. The difference between
the heat produced per 800 MeV proton for Pb and
for U is 1170 MeV/proton. Since each fission de-
posits about 180 MeV locally, this extra heat re-
presents about 6.5 fissions/proton. Assuming that
the difference between the prediction of eq. (la)
and the actual yield for U represents the fission
contribution, one finds 17.5 n/p produced due to
fission. The net neutron yield per fission,
2.7 n/fission is very reasonable.

Delayed neutrons are produced in targets in
which fissions take place. In 28U the delayed neu-
tron yield is approximately 0.05 neutrons/fission®).
These contribute a time-independent background
source which may be troublesome in some mea-
surements. These are not multiplied as in pulsed
reactors and fission boosters. The total delayed
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HEAT / NEUTRON, MeV
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NEUTRONS/INCIDENT PROTON

p GeV

Fig. 5. Heat production per neutron produced and neutron
yield vs incident proton energy?3).
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neutron yield is around 1% of all neutrons pro-
duced by a U spallation source.

Neutrons can also be produced between pulses
due to fissions in 25U or *Pu which are induced
by slow neutrons returning to the target from
surrounding moderators. Therefore depleted
(£0.02% ?**U) uranium rather than natural urani-
um is desirable and **Pu, which is produced by
neutron capture in small 28U targets at the rate of
about 3 atoms/proton, must not be allowed to ac-
cumulate. U and U are also produced by spal-
lation, but at smaller rates. The return neutron fis-
sion effect can be reduced by decoupling the target
from its surroundings by a layer of boron.

4. Accelerators for pulsed spallation
neutron sources

For use in the broadest range of neutron scat-
tering research the primary neutron pulse should
be less than the time width of the moderated
pulse at the highest energies of interest, a few
tenths us. For neutron spectroscopy with energies
in the millivolt range, the time between pulses
should be tens of ms. The proton energy should
be high enough to produce high neutron yields;
that is greater than a few hundred MeV. Protons
with energies greater than about 1 GeV produce
proportionately more neutrons, but these are
spread out over source lengths which exceed the
slowing down length in moderator materials and
give roughly constant neutron fluxes albeit in a
greater volume. Since accelerator capital and ope-
rating costs increase linearly with energy and
shielding against the greater numbers and higher
energies of neutrons becomes costly, proton ener-
gies much above 1 GeV are not much to be de-
sired.

Protons rather than deuterons or heavier projec-
tiles are best. The formula for the inelastic cross
section

Oine = 38.151A%, (d, *He, “He) (4)

implies only 2.4 times greater spallation yield per
particle than for protons [eq. (3)] although then
only when the energy per nucleon is comparable
with the proton energy. The added cost and dif-
ficulty of accelerating heavier particles probably
implies higher cost than proton acceleration for
the same performance’). The questions of neutron
production in targets bombarded with these heav-
ier particles remain to be examined in detail.
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These conclusions may be altered in consequence
of such analysis.

Linear accelerators are an apparently attractive
choice to produce the required high proton cur-
rents. These operate most efficiently with duty cy-
cle factors of a few %, implying pulses either too
long or too frequent for slow neutron spectros-
copy. For example, the 800 MeV LAMPF linear
accelerator produces 500 us long macropulses at
120 Hz; the pulses are too long to be of direct use.
5 us long pulses will be diverted from the LAMPF
500 us pulse to a target for neutron production in
the Weapons Neutron Facility. Cyclotrons such as
TRIUMPF?®) are essentially steady state devices al-
though they can be pulsed with the maximum
current equal to the steady state current.

Synchrotrons have traditionally been low aver-
age current machines but recent developments’) of
rapid cycling synchrotrons have made possible
their use as high current accelerators. Pulse
lengths are inherently short; single turn extraction
implies a pulse length (due to bunching) less than
2nR,../Bc, where R, is the machine average ra-
dius. For 800 MeV protons and R,,. = 20 m this is
500 ns. The cycling frequency can be as high as
60 Hz as in the proposed Argonne High Intensity
Synchrotron. High accelerated charges are made
possible by stripping injection of negative hydrog-
en ions’).

Proton storage rings are very similar to synchro-
trons, the main difference being the constant mag-

netic field and rf frequency. The construction of
both a high energy linac or a cyclotron and a sto-
rage ring is more costly than construction of a
synchrotron with low energy linac injector al-
though addition of a proton storage ring to an ex-
isting accelerator as is proposed at Los Alamos is
somewhat less costly than construction of a syn-
chrotron.

Thus proton synchrotrons or storage rings for
~1GeV protons, employing H™ injection are the
apparent best choices for use in a neutron source
for slow neutron spectroscopy.

5. Materials and coolants for spallation

neutron targets

Spallation neutron targets for slow neutron spec-
troscopy should be of high-mass-number material
in order to provide highest neutron yields, and as
compact as possible so as to couple efficiently to
moderators. The conflicting requirements of high
average density and adequate cooling are to be
compromised in any design. Material of high den-
sity, having high thermal conductivity and toler-
ant of high operating temperatures leads to com-
pact targets with minimal dilution due to coolant.
Destructive phase transitions must be avoided.
Materials must exhibit minimal growth and other
degradation due to thermal cycling, irradiation da-
mage or accumulation of fission and spallation
products or of hydrogen from the stopped proton

TABLE §
Some properties of materials for high power spallation neutron targets.

Material Density C Tnelt (W/cm-°C) Neutron yield A

for 800 MeV protons
(g/cmd) (J/g-°C) (°C) (n/p)

Ta 16.6 0.14 2996 0.54 13.7 181
w 19.3 0.13 3410 1.8 13.9 184
Pb 11.4 0.12 328 0.35 15.4 207
Bi 9.7 0.12 271 0.084 15.6 209
U 18.7 0.12 1133 0.25 35. 238
U-5w/oFs? 18.0 0.12 999 0.11 29. —
U-Springfield’s adjusted alloy® 18.7 0.12 0.11 3s. —
U-10 w/0 Mo 16.3 0.13 1410 0.19 29. —
Pb-56 w/o Bi 10.3 0.63 125 0.10 15.6 —
Au 3w/oSi 363 15
U-11w/o Fe ~16.4 725 29

2 Fs="*Fissium” is a combination of elements which typically are present in reprocessed reactor fuel, and is purposefully alloyed
in EBR 1I fuel (Argonne’s Experimental Breeder Reactor II and which contribute advantageous properties to the alloy. The 5% Fs
consists of 2.5w/o Mo, 0.1 w/oZr, 1.5w/0 Ru, 0.5w/0Pa, 0.3 w/oRh.

b Springfield’s cavitation adjusted alloy contains 3000 ppm Al, Fe, Ni.

IV. SPALLATION SOURCES



98 I

beam. Void swelling is likely to be the limiting
factor in high power uranium targets. The proper-
ties of a few materials of high mass number which
have been considered for targets are in table 5.

Tantalum and tungsten are attractive because of
their high density, high thermal conductivity and
melting temperature. Solid lead was used in early
measurements because of its ready availability, but
otherwise has little to recommend it as has solid
bismuth. Uranium and its alloys are especially at-
tractive because of the high neutron yield com-
bined with high density, but their low thermal
conductivities are disadvantageous. Much is
known about their properties, metallurgy and ir-
radiation behavior from extensive study in con-
nection with nuclear reactor fuel development.
Uranium in alpha phase exhibits a destructive al-
pha beta phase transition at 660°C. U-5w/o Fs (see
table 5, footnote a) and Springfield’s Adjusted
Alloy have been thoroughly studied particularly as
regards thermal cycling and radiation growth. For
example the fractional volume change upon 1%
burnup of U-5w/oFs in this alloy at 600°C is
3%. y-phase stabilized U-10 w/o Mo has been
much used as fast burst reactor fuel, but is sub-
ject to phase transformation after only brief time at
500°C. Flowing Pb-Bi eutectic was chosen as the
target material in the 40 MW target proposed for
the Canadian ING project®), and is being used in
the 400 kW target of the TRIUMF Thermal Neu-
tron Facility®).

Solid target material must be appropriately sub-
divided in order that internal temperatures be kept
within tolerable ranges. At some very high power
densities conventional solid targets become unfea-
sible for this reason, and pebble-bed, slurry or
flowing liquid targets would be required. The pro-
perties of U-Fe and Au-Si eutectics are listed in

TABLE 6

Performance of various coolants for spallation neutron targets.

Coolant Film Local boiling Critical
coefficient heat flux heat flux
h(W/em?.°C) g g (W/em?) g (W/em?)
Gas (e.g., He) 0.1 - -
Water
(single phase) —- 1=3. 200 -
(boiling) 7005 . - 300
Liquid metal 10.-30. 2000
(e.g., NaK)

M. CARPENTER

table 2 as an indication of possibilities for high
yield, very high power targets.

Coolants must of course be compatible with tar-
get and cladding materials. The appropriate coo-
lant depends on the power density in the target,
the object being to cool the target adequately to
avoid excessive internal temperatures. Representa-
tive values of performance parameters of various
coolants evaluated under not-too-extreme condi-
tions are given in table 6.

He gas cooling is suitable for low power density
targets consisting of high thermal conductivity
material and is attractive because of the low in-
duced radioactivity. Water cooling is very attrac-
tive because of the relatively high heat transfer co-
efficients, but to avoid flow instability in applica-
tions with parallel flow channels, either the heat
flux must not exceed that for which local boiling
sets in, or the channels must be orificed. Boiling
water makes possible very high heat fluxes but or-
ificing (therefore high pressure drops) must be
provided, and in any case is limited by the re-
quirement to avoid burnout at the critical heat
flux. Liquid metals enable very high heat fluxes in
systems with only very modest pressures and
pressure drops; boiling problems appear only at
such high surface heat fluxes that it is the internal
temperature variation in solid targets which limits
performance.

6. Moderators for
sources

Neutrons are slowed down from source energies
of about 1MeV to energies of interest for slow
neutron spectroscopy (< 10eV) by moderators
placed close by the neutron source (proton target).
These must provide the shortest possible pulses of
highest possible intensity. The arrangement of

pulsed spallation neutron

SOURCE

/MODERATOR
L 7 da
1 /_
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I~
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o

Fig. 6. Schematic arrangement of source and moderator.
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source and moderator is shown schematically in
fig. 6.

The intensity of neutrons from a moderator can
be conveniently described in terms of the instan-
taneous ‘‘beam current” response function per
source neutron / (E, £, 1), which is the number of
neutrons emitted from the viewed moderator sur-
face, per unit time around time ¢ after a &-func-
tion source pulse, per unit energy around energy
E, per unit solid angle around direction £,, per
neutron generated by the source. /(E, £2,,1) is re-
lated to n(r, E, 2,,t) the neutron density at r on
the moderator surface, per unit energy, per unit
solid angle, at time r after a source pulse, per neu-
tron generated by the source, as in eq. (5),

~

dav n(r, E, Q4. 1). (5)

A

I(E, 22,,1) =J
For a source which produces Sy (') neutrons per
unit time at time ¢, the observed instantaneous
beam current i(E, £,,1) is

i(E, Q.. 1) = [dz’ Ss(t)Y I(E, 2,.i—1). (0)
The time average beam current is

T Fl
i(E. Q) = [% [ dr’ S(r’)]U
JO Jo

= SV I(E, Q). (7)

dt I(E, 2, l):'

where Sy is the time average number of neutrons
generated by the source, and / is the total inten-
sity in a pulse.

The time average flux at a point a distance L in
direction $2, from the moderator is related to
I(E, ;) in a simple way

1(EQy) Sy 1(E,Qq)

PEL) = = 5

(8)

since the solid angle subtended by 1cm? at dis-
tance L is just 1 cm?/L2.

Moderator spectra and pulse widths can be var-
ied by varying their material composition, their
size, their temperature, or by adding absorbers.
These techniques are all useful in narrowing the
pulse widths. In general shorter pulses imply low-
er intensities, but the object of moderator design
is to reach a compromise which optimizes the per-
formance and cost of instruments for the intended
applications. Michaudon'’) has studied the effects of
varying moderator parameters, mostly for high en-
ergy neutrons (E = 10eV) and has tabulated pro-

ton densities in a number of candidate moderator
materials. (An error in his table concerning the
proton density of NH;H,PO, results from an error
in a commonly used handbook.) Michaudon’s fi-
gure of merit

[ i(E,t)dt
J pulse
t(E)?

is applicable to a broad class of applications.

A recent bibliography on Condensed matter rese-
arch using pulsed neutron sources, by Mildner and
Stirling'!) contains references to the still growing
literature of measurements and calculations of
pulsed moderator spectra and time distributions.

6.1. THE NEUTRON PULSE AT HIGH ENERGIES

The neutron density at time ¢ following a source
pulse in an infinite scattering medium, at energies
large compared to the temperature and to the
chemical binding energy, is"?)

2]y o=y

1 y“7e
2E T2y
which is the yx? distribution with (2+4/y) degrees
of freedom. Here

n(E, 1 = (10)

< «
y o= =2,

¢ = mean logarithmic energy change per collision
| —og/(l —a) = 2/A,
2¢y = mean- squared logarithmic energy change per

collision,
Log?
Y= - R 434,
¢ = Inljx,
x = [(A=-DI(A+ D],
X, = macroscopic scattering cross section,
A = mass number.

The average slowing down time and the standard
deviation of the slowing down time distribution at
speed v are

L= (1+2[y) (y/EZv), o = J(1+2/y) (y/E2,0).
(1)

The full width at half-maximum 7 of the time dis-

tribution is proportional to the difference 4y,,, be-

tween the two solutions of the equation

|i<£>e(l‘y/mj|=%; p = 2/))’
p)

(12
= A (fES). )
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TABLE 7
Neutron slowing-down properties of some materials.

Material 2 & y v Vo, VT
(cm~1) (cm) (cm) (cm)
H,0 1.34 092 0.99 243 140 2.7
(CHy),

(0.94 g/cm3) 1.84 0.90 0.98 1.82 1.03 20
D,0 0.64 0.60 0.56 6.7 312 6.6
Be 093 0.207 0.143 11.1 29 6.5
Graphite

(1.7 g/cmd) 047 0.158 0.108 28. 64 1438
Fe 1.00 0.0353 0.0237 57. 62 144

Pulses from finite moderators are somewhat shor-
ter than is indicated by the infinite medium cal-
culations. Table 7 gives values (averaged with re-
spect to cross sections) of these parameters for
some materials.

It is clear from the table that due to their su-
perior slowing down power &2, materials with
largest possible hydrogen densities are most desir-
able for producing short pulses.

6.2. THE SPECTRUM OF NEUTRONS AT HIGH ENERGIES

At energies above 1eV, the beam current, after
a short source pulse, has approximately the same
form as eq. (10)

2jy oY
. y e
I(E.QO, I)OCZE Ws
y ZEZNUI (13)
Y
- 1 B
i1(E, Q) cc ¢—25~E, (¢, ~ constant). (14)

The spectrum emerging from small moderators is
somewhat modified from this form,

I(E.Q,) < 1JE' ™%, (15)
where « is a constant related to the neutron lea-

kage probability. For a typical pulsed source mod-
erator isolated from its surroundings, a ~ 0.15.

6.3. THE NEUTRON PULSE AT LOW ENERGIES

At energies lower than about 1eV the time dis-
tribution of the neutron pulse from moderators is
of the form illustrated by fig. 7'3). At highest en-
ergies the pulse rises and falls rapidly and is of the
form of eq. (10). For energies £, ~ 5E; and below,
the pulse rises more slowly and peaks as neutrons
thermalize in the medium and higher-than-funda-

M. CARPENTER

mental modes of the neutron distribution decay.
Following this peak, the pulse decays exponential-
ly as exp (<A, 1), where A, is the decay constant
of the longest-lived fundamental mode. The fund-
amental mode energy distribution is of Maxwellian
form  Iyg, (E)) = (E/E%) exp (— E/Ero)lmo.  With
different effective temperature Eg, than the time-
integrated spectrum of eq. (7). For fig. 7, A, =41s
and E1,=0.029 eV while E; =0.033 eV. The pulse
width depends in part on the rise time for ther-
malization, and in part on the fundamental mode
decay constant. The full width at half maximum-
of the exponential decay is

Aty = In2/2,.

Ao can be expressed in terms of the buckling ex-
pansion

jo = 0g+DyB* — CB* + ...,

where o, ={v2) is the spectrum averaged absorp-
tion rate, D, = {vD) is the diffusion constant and C
the diffusion cooling constant. Sjestrand’s!’) values
for these parameters in polyethylene are

oy = 5900, D, = 26 600 cm?/s.
C = 5900 cm*/s.

The expression (17) is accurate for not too large
values of B?. No discrete mode exists for very
small moderators, and eq. (17) is meaningless.

6.4. THE SPECTRUM OF NEUTRONS AT LOW ENERGIES

In moderators isolated from their surroundings,
the spectrum of neutrons at low energies is that of
a bare moderator. The spectrum is of different
form in two energy ranges: for E S SE;, I(E) has
the form of a Maxwellian flux distribution
hun(E) = Iy 5 exp(~E[Er). (18)

T

where I, =, Iys (E) dE is the total thermal neu-
tron beam current, £t =kz7, and T is the charac-
teristic temperature of the distribution. 7 is typi-
cally significantly greater than the physical tem-
perature.

The shapes of spectra can conveniently be char-
acterized by three parameters, the characteristic
temperature, E;, the ratio of total thermal neutron
beam current to the beam current at 1eV,
I+w/EIE)|, v and the slowing-down spectral expo-
nent « (although « is usually so small as to be of
little interest in the narrow interval between E,
and 1eV).

If a~0 and I5,/(EI(E)|, .y = €?/4, the Maxwelli-
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Fig. 7. Time dependent neutron spectra emerging from a 296 K polyethylene moderator (p = 0.92 g/cm?, 3.83 x 10 x 10 cm3). Un-
poisoned. On the =0 plane is shown the Maxwellian function fitted to the asymptotic decays!3).

an smoothy joins the slowing down distribution
around an energy E,. given by

2 N

£=) exp(~ £ fEp) = S, (19)
E; Ity

E.~SE; when I/ EIE),.v~6. Low energy

spectra are difficult to compute (adequate cross
section data exist for only a few materials) but
measurements are available for an increasing
number of cases. Fig. 8 shows a representative
spectrum normalized to EI(E)|,.y, measured at
ZING-P (see below). Using the normalized spec-
trum the measured time average beam current is

I(E)
EI(E)|; ov

EI(E)\, .v characterizes the source-moderator coup-
ling, and can be obtained by calculation for a
geometry including the particular moderator and
source. Materials in the moderator which do not
affect neutrons at high energies such as Cd, influ-
ence only In/EIE), ., not EIE),.y.
Itw/EI(E)|,.y can be obtained by calculation or
measurement independently of the particular
source. Sy is obtained for the source by calculation
or by measurement.

iI(E) = m:mv__ﬁ\ WZ‘ (20)

An expression for /1,/EI(E)|, .y for small hom-
ogeneous moderators, derived from age-diffusion

theory is £xs5(1 eV) Dy (Eq)
_ s(l e Th\™T
IfEIE) v = 55 BiTew)

y exp{—B’[t(Eq) — t(1 eV)]}
| +1%,B? '

(21)

units
\
N

arbitrary
5!
o
—

I(E),

E,eV

Fig. 8. Neutron spectrum for a 300 K 10 x 10 x 2 cm3 CH, mod-
erator measured at the ZING Prototype.
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where 2,1, (E1) and Dy, (E;) are the thermal spec-
trum averaged absorption cross section and diffu-
sion coefficient, D(1 eV) is the diffusion coefficient
at 1eV, L%, =D;,/2, 1, is the thermal diffusion
length, 7, (E7) and t(1 eV) are the Fermi age to
thermal and to 1eV respectively, and B? is the
geometric buckling of the moderator. For a
10 x 10 x 5 cm® CH, moderator with E;=0.035eV
and p=0.94 g/cm?, using ENDF-BIII cross sec-
tions for CH,, eq. (21) gives
Ith/EI(E)|, oy = 5.3,
in close agreement with measurements.

In very large moderators such as the slow neu-
tron source regions of steady state reactors,

lTh/EI(E)ileV = éz\‘/f.lTh’ (22)

where £2./2, 1, is the ““moderating ratio”. Table
8 gives the moderating ratio for a number of ma-
terials.

Small hydrogeneous moderators are relatively inef-

TABLE 9

Spectral parameters of some moderators.

M. CARPENTER

TABLE 8
Moderating ratios of some moderator materials.

Material Temperature (K) Ex(1eV)/ X, m
H,0 300 70
D,0 (99.8 at. %) 300 2500
Be 300 140
D, (99.8 at. %) 20 250
C 2000 500

ficient compared to D,0 and Be in providing high
thermal neutron fluxes in relation to the number
of neutrons slowing down. They are preferred for
pulsed moderators because they provide short:
pulses. It is possible to produce sufficiently intense
pulsed fast sources, so that when the peak thermal
neutron flux is comparable with that in steady
state reactors, the flux of epithermal neutrons is

Material T(K) Dimensions Cd E, In/ ENE N ey (refy
depth
CH, 300 10x10x 5.1 - 0.035 5.6
CH, 296 10x 10x 3.82 - 0.0325 4.3
CH, 296 10x 10x5.1 0.63 0.04222 0.432
0.0362 0.362
CH, 296 10x10x 5.1 1.00 0.037 0.90
CH, 296 10x10x5.1 1.3 0.036 1.4
CH, 296 10x10x5.1 2.55 0.033 3.5
CH, 296 10x 10x 7.65 1.00 0.037 0.92
CH, 296 10x 10x 7.65 2.55 0.034 3.6
CH, 77 10x10x 7.65 - 0.0084 3.8
CH, 77 10x 10x 7.65 2.55 0.0096 2.7
CH, 7 10x 10x 7.65 - 0.0090 5.9
NH; 77 10x 10x 7.65 - 0.0106 2.6
CH, 300 12x25x 4.4 - 0.035
CH, 77 12x25x 4.4 - 0.011
CH, 4 12x25x 4.4 - 0.0065
H,0 300 12x25%5 - 0.038
H,O 77 12x25%5 - 0.010
H,0 4 12x25%5 - 0.0063
P-H, 204 14.80x 16 - 0.004 7.6
H, 18 20 dia x 200 - 0.003 33
CoHy, 204 20 diax 200 - 0.003 9.0
C,H¢ 182 20 diax 200 - 0.025 7.5
CH, 20.2 20 diax 200 - 0.004 59
CH, 77 20 diax 200 - 0.01 16.3
CH, 20 20 diax 20P - 0.0025 6.1

4 In this very thin moderator, no equilibrium spectrum is developed, so the Maxwellian parameters are not well determined.

b Measured through re-entrant hole.
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several orders of magnitude greater than in steady
sources.

Table 9 gives spectral parameters of a number of
moderators. Spectra are shown in figs. 9 and 10,
which represent the effects on the spectrum of
changing size through heterogeneous poisoning by
cadmium') and of cooling condensed methane').
"Measurements through re-entrant holes in moder-
ators such as those cited above for methane are
only approximately valid for applications in which
a large outer surface is viewed. The effects of he-
terogeneous poisoning and of cooling on the effec-
tive temperatures are shown in figs. 11 and 12.
Homogeneously added absorbers lead to higher ef-
fective temperatures and lower intensities. Materi-
als in which the protons participate with large am-

2
10 E T T TT11T1T] T T T TTTTI] Cd DeptHl
C10x10x5.1cm b 2.55 3
- b d 13 3
CH,, 300K
> -2 e 10 =
© - g 0.63 —
—— - s |
—
= . .
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w g ]
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10° — - .
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Fig. 9. Slow neutron spectra for heterogeneously poisoned
300 K polyethylene moderators 10 x 10 x 5.1 cm3, with 0.05 cm
cadmium various depths beneath the viewed surface!3).
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Fig. 10. Slow neutron spectra measured through a reentrant
hole in 20cem diam.x 20 cm high methane moderators as a
function of temperature!8).
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Fig. 12. Effective temperature and thermal to epithermal flux
ratio for 20 cm diam. x 20 cm high methane moderators!8).

plitudes in low frequency motions thermalize neu-
trons more efficiently than those with tightly
bound protons — the distribution of frequencies in-
fluences the spectrum.

6.5. PULSE WIDTHS AT LOW ENERGIES

The effects of heterogeneous poisoning on the
pulse width in polyethylene moderators is illus-
trated in fig. 13 for some of the moderators stu-
died by Graham!?) for which the thermal neutron
spectrum parameters were given above. While the
pulse width is narrower for small moderators, the
figure of merit [/(E, r)dt/7? is only a mild func-
tion of poison depth, peaking between 1 and 2 cm.
The same effects due to heterogeneous and homo-
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Fig. 13. Pulse widths for heterogeneously poisoned 300 K po-

lyethylene moderators 10 x 10 x 5.1 ecm3, with 0.05 cm cadmi-
um various depths beneath the viewed surface!8).

geneous poisoning are further illustrated by the
data of Watanabe et al.'s).

The effect of cooling methane moderators and
the comparison of pulse widths of methane and
ammonia moderators is illustrated in fig. 14 on
the basis of data of Graham''), Fluharty et al.'’)
and Utsuro et al.'®). Methane and ammonia pro-
vide approximately the same pulse widths at 77 K.
20 K methane provides shorter pulses in the range
around 0.01 eV than 77 K methane, but at ener-
gies below 0.01 the data suggest that pulses are
shorter for the warmer moderator. This last effect
has also been demonstrated in the data of
Ishmaev et al.!).

6.6. EMISSION TIME DELAYS

It is essential with regard to time-of-flight in-
strument calibration and accurate spectrum mea-
surements, to note that the mean time of emis-
sion of the pulse 7 is not constant with energy nor
does it represent a constant distance shift. Fig. 15
shows data from Graham’s measurements on he-
terogeneously poisoned polyethylene moderators
plotted as v vs neutron energy. For the thickest
moderator, v is as large as 15cm at 0.1 eV, then
decreases to 2-3 cm at energies of a few tenths eV
and above. For the thinnest moderators v/ is near-
ly constant, and equal to 2 or 3cm. The infinite
medium value from eq. (11) is 1.8cm at 1eV.
The curves are estimates of the trends in the data,
which show considerable scatter.
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Fig. 14. Pulse widths for methane and ammonia moderators as
a function of temperature!3.17.18),
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Fig. 15. Emission time delays for heterogeneously poisoned
300 K polyethylene moderators 10 x 10 x 5.1 cm3, with 0.05 cm
cadmium various depths beneath the viewed surface!3).

6.7. SOURCE-MODERATOR COUPLING,
SLOWING-DOWN LEAKAGE LOSSES, AND REFLECTORS

Since EI(E, 2, is approximately constant for
E 2 1eV and up to energies at which source neu-
trons are generated, EI(E, 2,)|,.v is a convenient
quantity in terms of which to express the source-
moderator coupling efficiency. For example for a
polyethylene moderator 10x10x 5 cm?, 6.75cm
from a source, the results of Graham'!) can be
interpreted to give EI(E)|, .y ~ 4.3 x 10~ n/sr-source
neutron. Graham’s measurements included the
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reflecting effect of a 2.54 cm layer of natural B,C
around the moderator, which he found enhanced
the emerging beam current by about x2 above
that for an unreflected moderator. The coupling of
Graham’s 14 MeV source was less efficient than
would be that of a source of ~1 MeV neutrons, so
4 x 107 n/sr-source neutron roughly represents the
coupling of an unreflected moderator to a
~1MeV neutron source.

Losses in slowing down are very substantial and
can be estimated as follows. Since
EIE).E‘(1eVSESTMeV), the ratio of beam
currents at 1eV with and without leakage, is

I eV ZN ~640.15 _ 1
(lO“eV) = (107°) =0.13.

This leakage loss can be very considerably reduced
by surrounding the moderator with reflector. Ex-
periments on an arrangement called the “ZING
Mockup™ at Argonne®) indicated that with a ber-
yllium reflector around a 10x 10 x5 cm?® polyethy-
lene moderator, /g, =4.3x10°+49% n/sr-source
neutron. Since for this moderator the ratio
11w/ EIE)|,.w=5.6 was determined in measure-
ments at ZING-P (see below and fig. 17), in the
ZING-Mockup,

EIHE)N, ov = It/ [Trn/(E) | )= 7.7x 10 n/sr-n,
indicating more than a 10-fold improvement over
the bare moderator result.

The moderator-reflector works to reflect back
those neutrons which collided first in the moder-
ator but would have leaked out in slowing down
and also enables neutrons which would have mis-
sed the moderator to migrate to it, slow down and
emerge in the direction of interest. In addition
(n, 2n) reactions induced above 1.7 MeV in Be en-
hance the number of neutrons available. Calcula-
tions indicate that this effect increases the beam
current by about 25% in a spallation neutron
source.

Das et al.?') and Russel et al.??) have made ex-
tensive calculations of the source-moderator cou-
pling efficiency, and of the time and energy dep-
endence of the neutron beam currents for numer-
ous target and moderator materials and configura-
tions. Calculations of Das for the ZING-Mockup
arrangement gave
EIE)| Lev = 1.9 x 107 n/sr-source neutron, in
agreement with the measurement. Russel’s calcu-
lations of the ZING-Mockup also verify the inten-
sity gain due to the Be reflector.

The reflector broadens the slow neutron pulse

from the moderator somewhat. In order to prevent
neutrons which thermalize in the Be reflector from
entering the moderator after long times, it is ne-
cessary to decouple the moderator from the reflec-
tor by a layer of material which absorbs neutrons
at thermal energies. Cadmium decouples at about
0.5eV; a layer containing N,z Boron-10
atoms/cm? attenuates neutrons of energy E by a
factor

exp[—Niog 0,(E)] = exp[—6.04 x 102 Nyog/VE(€V)]
and decouples roughly at

Ey = (6.04x 10722 N o)’ eV. (23)

Decoupling limits the reflecting effect to energies
above the decoupling energy. The excess pulse
broadening which occurs due to the reflector
above E, persists as a constant broadening in ex-
cess of the bare moderator pulse width at lower
energies.

Reflectors broaden the pulse beyond the value
for the bare moderator. If the reflector is de-
coupled at an energy greater than about 0.5eV,
the effect on the pulse at low energies is small
and the added intensity comes with negligible
penalty in pulse width. There is no simple theory
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by which to estimate the reflector broadening,
which may be important at energies above a few
tenths eV. Das?') has computed the detailed time
distribution as a function of energy for the ZING-
Mockup, a 10x 10x 5 cm?* CH, moderator with a
beryllium reflector and a 10x 10 cm? beam hole.
She calculated two cases:

a) Cadmium decoupling only (ignored in calcu-

lations above 1 eV).

b) Boron liner inside the beam hole void only

(moderator decoupled by cadmium).

Her results for 1 eV neutrons are shown in fig. 16.
Russel'*) has also computed the moments of the
time distribution for the same case, but not the
detailed shape. The moments determined in both
calculations at 1eV are shown in table 10. Ex-
pressed in terms of vr rather than ¢, these results
are almost independent of energy, as are the pulse
shapes.

The moments are consistent in the two calcula-
tions for case (a), and for both cases significantly
greater than the values for the bare moderator,
table 7. This is due to the long tail on the distrib-
ution, which is significantly suppressed by the
boron liner, and is therefore partly due to stream-
ing across the beam hole void. Also plotted in the
figure is the bare moderator pulse shape calculated
by eq. (5), arbitrarily normalized. Comparison of
the bare moderator pulse shape with that for case
(b) indicates the very important result that the ref-
lector broadens the pulse little if any near the
peak, but adds a tail which increases 7 and o,.

6.8. EFFECTIVE PEAK FLUX
A quantity useful for characterizing pulses

sources is the ‘‘effective peak flux’ at the mod-
erator surface

;o 4nmi(E) o d4rn [ 1)
Parlb) = B A‘/T(E)|‘E1(E)|HV] 8

x EI(E)|, .y Sx. (24)

TaBLE 10

Pulse shape parameters for ZING-Mockup calculations.
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®(E) can be interpreted as the equivalent isotropic
flux averaged over the moderator surface which is
reached during a pulse of width 7. Of course the
flux is neither isotropic nor uniformly distributed
across the moderator surface, nor is the pulse of
simple shape. Nevertheless, if the intensity in a
neutron beam is computed from ¢ (£) for a pulsed
source as one would do for a reactor source, the
correct result is produced. For less detailed char-
acterization an ‘‘effective peak thermal neutron
flux™

é _ 4niy, 4_” Ity
e Aj e T AfT| EIE), oy

} EI(E)|, v Sn (25)

is useful with 7 chosen at the energy of a typical
experiment. In this paper 7 =1(0.05eV).

7. Moderator materials

Materials to be used as pulsed moderators must
withstand irradiation and both ambient tempera-
ture and cryogenic moderators must be cooled in
addition to having high proton densities and effi-
cient energy-loss mechanisms. Polymers degrade
under irradiation but are useful as moderators at
doses far beyond those which degrade mechanical
properties. Some irradiated moderators have ex-
ploded after warming from low temperature irrad-
iation due to hydrogen gas buildup or Wigner ef-
fect. Flowing liquids offer easy means of heat
removal, however solids of higher molecular
weight are formed in irradiated light hydrocarbons
which may clog piping. Liquid hydrogen, ammon-
ia and water do not form solid products under ir-
radiation, but consideration must be given to
evolved toxic and flammable gases. Some metal
hydrides have high proton densities and are resis-
tant to radiation damage.

Mildner®®) has reviewed relevant neutron ther-
malization thermal and radiation damage proper-
ties (as relate to photon damage) of some possible
cryogenic moderators. His data are reproduced in

Case

EIE)), oy vt Vo, LT
(n/sr-ny) (cm) (cm) (cm)
(a) No boron 79%x10 4 39 4.6 2.2 (Das) (p=0.04 g/cm3)
4.0 4.8 — (Russel) (p=0.90g/cm®
(b) Boron void liner 5.0%x10 + 30 35 1.9 (Das)

Infinite moderator

2.00
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Properties of some cryogenic moderator materials.
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Hydrogen atom Melting Boiling Low energy Radiation
density of Ny (A3 point point exchange modes damage?
(K) (K) eV)
1) H, 0.042 liquid 20.4 0.015 -
2) GCoHp, 0.052 220 438 0.0074 -
3) H0 0.067 273 none 0.43
4) CH, 0.078 90 112 0.017 222
5) (CHy), 0.079 solid none 13.2
6) NH; 0.088 195 240 0.0025 44

2 cm3 of total gas evolved at normal temperatures and pressures per cm? of 5cm thick moderator at a distance of 10 cm from the

source, for electron and photon irradiation.

table 11. Vetrano?) has reviewed the properties of
some metal hydrides as they relate to use as mod-
erator materials in reactors. The hydrides provide
high proton densities and are tolerant of high
doses and high temperatures, but the protons are
tightly bound and participate little in low frequen-
cy motions.

Coolants for cryogenic moderators must exhibit
adequate stability under irradiation, and be able to
carry off the required heat. Mildner?®) has com-
piled a table of the properties of some cryogenic
coolants which is reproduced in part as table 12.

The low temperature provided by liquid He may
not be required, since spectral temperatures are
not lowered much below 20 K even at lower phy-
sical temperatures. Cold He gas is attractive and
applicable to all temperatures of interest. Liquid
hydrogen seems attractive from nearly all points
of view except flammability. Liquid neon, with al-
most as low a boiling temperature as hydrogen
lacks this drawbback. Liquid nitrogen, irradiated in
the presence of oxygen has been known to ex-
plode and has a significant neutron absorption
cross section, but is a convenient coolant. Argon

TABLE 12

Properties of some cryogenic coolants.

has nearly as low a boiling temperature as N, and
lacks the drawbacks of nitrogen.

Heating and radiation damage in moderators ad-
jacent to spallation neutron sources is predomi-
nantly due to neutrons. This is distinct from the
case of electron linac photoneutron sources, at
which the heating and damage is primarily due to
photons and electrons. Taking the energy distri-
bution of neutrons to be that emerging from a
38U target at 90° from an 800 MeV proton beam?)
the average energy is 4 MeV and the average
flux-to-dose  conversion factor’) is 3.5x
x 10-? Rad/(n/cm?). For example, for a source
producing 9 x 10'® n/s, the dose rate 6 cm from the
source is 700 kRad/s and the energy flux is
128 W/cm?. The total thermal power which must
be dissipated from a 10x10x5cm?® moderator
with 5x 10 cm? facing the target is 6 kW. These
dose and heating rates are similar to those en-
countered in nuclear power reactors and dictate
careful consideration of radiation damage and
cooling requirements and probably restrict moder-
ator choice to flowing systems of H,0, NH;, CH,,
H, etc. and to metal hydrides.

Refrigerant Boiling temperature Max. nucleate Specific heat of vapor Heat of
at 1 atm boiling heat flux vaporization
(K) (W/cm?) (cal/g-mol °C) (cal/cm-mol)
N, 77. 20 7.3 1330
N, 27. S 414
H, 21 5.7 213
He 4.2 S. 19.4
Ar 87 S. 1 560

IV, SPALLATION SOURCES
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TABLE 13
ANL pulsed neutron source program.

CARPENTER

Facility Proton Protons/ Proton energy No. of Neutrons/  Frequency  Peak thermal Operation
accelerator pulse (MeV) and neutron proton (c/s) neutron flux
target beams (n/cm?.s)
ZING-P ZGS Booster I 2.5x10!0 200 Pb 2 2 10 5 x 10" January 1974
ZING-P’ ZGS Booster 11 1 x1012 500 W 4 8 30 1 x10M March 1977
PPNS ZGS Booster I 5 x 1012 500 238U 6 20 30 1.2--1015 August 1979
IPNS HIS? 5 x1013 800 238U 12 30 60 106 October 1983

2 High Intensity Synchrotron.

8. The ZING-Prototype

In the fall of 1973, a small-scale neutron source
was constructed based on the 200 MeV Booster I
proton synchrotron of the 12.5 GeV Zero Gradient
Synchrotron (ZGS) accelerator system at Argonne
National Laboratory. Neutrons were produced by
the spallation process in a target of lead. The neu-
tron source was designed to produce pulsed neu-
tron beams for slow neutron scattering research,
as a prototype of a large scale facility, called ZING
(ZGS Intense Neutron Generator). ZING was to
have been a neutron source based on the 500 MeV
Booster II proton synchrotron. The prototype was
called the ZING Prototype, ZING-P. Efforts are

CANTED (2 FROM VERT.)

I5'x 20' STEEL BLDG. NEUTRON BEAM TUBE

now being devoted toward a facility with higher
performance, called Intense Pulsed Neutron
Source (IPNS), which will produce peak thermal
neutron fluxes of 1x10'%n/cm?-s at 60 Hz and
time  average fast neutron  fluxes of
3x10"n/cm?-s. The IPNS will be based on a
new, dedicated, High Intensity Synchrotron’). Var-
ious stages in the ANL pulsed neutron source de-
velopment program including the intermediate
prototypes ZING-P’ and PPNS, are described in
table 13. The ZING-P neutron source was operat-
ed during three roughly one-month periods in
Feb. 1974, Sept. 1974 and Feb. 1975. This was the
first demonstration of a spallation neutron source

VERTICAL
NEUTRON BEAM TUBE

(
W

> ——f

STEEL SHOT
/'lN CONCRETE

1~6"x 10" PILED

=
<l A
>

7 L=~ CONCRETE BLOCK

-9" (APPROX.)

| _—12'x 20'x 2' THK.
STEEL PLATE

A

TARGET

CENTERLINE

SECTION B-B

Fig. 17. Cross section through the ZING Prototype facility. Protons strike the target from behind this view.
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for slow neutron scattering studies. A more com-
plete description of the instruments and some re-
sults has appeared elsewhere?).

8.1. BOOSTER I ACCELERATOR

The “Booster I accelerator was the former
2 GeV Cornell electron synchrotron reincarnated
as a proton synchrotron to serve as a test bed for
development of the ZGS Booster I1°). H™ ions were
accelerated to 50 MeV in the ZGS proton linac,
and injected into the synchrotron by stripping,
then accelerated to a final energy of 200 MeV. The
space charge limit was calculated to be
6 x 10" protons/pulse. Protons were extracted in a
single turn, in a pulse 100 ns in duration. The ac-
celerator was designed to operate at a frequency
up to 30 Hz. During the operation of ZING-P,
Booster 1 delivered on the average about 2.5 x 10'°
protons/pulse at 10 Hz. This amounts to an aver-
age current of 0.04 uA and an average beam pow-
er of 8 W.

NEUTRON t
BEAMS l

8.2. THE NEUTRON SOURCE

In the shielded tunnel connecting Booster I to
the ZGS, a neutron-producing target assembly was
erected, as shown in figs. 17 and 18. The target
was of Pb, 6.4cmx10.2cm, 7.6cm thick. (The
range of 200 MeV protons in Pb is 4.8 cm.) The
spallation neutron yield for 200 MeV protons in
Pb is approximately 2 n/p, but not well known.
Two 300 K polyethylene moderators, 10 cm x
x 10 cm x5 cm, were placed adjacent to the
Pb source and on opposite sides. These were
viewed through two beam holes, one vertical and
the other inclined 2° off vertical to provide clear-
ance between the exiting beams.

The dimensions and inclinations of the mod-
erators relative to the beam direction were varied
during the measurements to provide optimum
pulse widths and orientations for time focusing.

Surrounding the moderators and source was a
reflector of Be metal, which in turn was sur-
rounded by a layer of Pb bricks for shielding. Bor-

~—BORON CARBIDE 8 LEAD SHOT

BORON CARBIDE
/LEAD SHIELDING

A

_—~.020" CADMIUM

~BERYLLIUM
POLYETHYLENE ~ REFLECTOR
MODERATORS
LEAD TARGET -~
MODERATOR MODERATOR
— —— e —
DRAWER DRAWER

Fig. 18. Cross section through the ZING Prototype target-moderator assembly. Lead shielding bricks 5.1 x 10.2x 20.3 cm? give

scale to the figure.
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al plates were placed between the Be and the Pb
shielding to reduce activation by thermal neu-
trons, and to reduce the possibility of pulse broad-
ening by room return or the return of neutrons
slowing down in Pb. The Pb neutron source and
the two moderators were arranged to slide in
drawers within a T-shaped tunnel, an arrangement
which was found to be very convenient when
changes were to be made in the moderators.

The vertical beam moderator was designed for
producing short pulses, and was surrounded, ex-
cept on the emerging surface, by a 2.54 cm thick
layer of B,C epoxy, which contained
3.6 x 1022 'B/cm?. This decoupled the moderator
from the reflector at all energies below 500 eV so
that the reflector broadening was insignificant. Re-
cent calculations indicate that decoupling at such
high energies is not necessary. The moderator was
heterogeneously poisoned with a 0.5 mm layer of
Cd placed 1.27 cm beneath the emerging surface.

The slanted beam moderator was designed for
applications requiring highest intensity, and was
surrounded, except on the emerging surface, by a
0.5 mm layer of Cd, which decoupled it from the
reflector at all energies below about 0.5eV.

The pulse full width at half-maximum t(£) is
shown in fig. 19 as a function of neutron energy.
For the boron-decoupled (vertical beam) modera-
tor, results are taken from ref. 13. For the Cd de-

M. CARPENTER
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Fig. 19. Full width at half-maximum vs energy for ZING Pro-
totype moderators. (a) Diffractometer (vertical beam) modera-
tor. The moderator is heterogeneously poisoned by 0.5 mm Cd,
1.3 cm beneath the viewed surface. (b) The inelastic scattering
(slanted beam) moderator. Measurements described in the text.

| 1 1
.0l

coupled (slanted beam) moderator, pulse widths
were measured during ZING-P operation at var-
ious energies using a crystal spectrometer whose
resolution was calculated to be negligible except at
the highest energy. Errors not shown are smaller
than the plotting symbols.
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Fig. 20. Spectra of neutrons from the ZING Prototype moderators. (a) Diffractometer (vertical beam) moderator. (b) Inelastic scat-

tering (slanted beam) moderator.
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Fig. 20 shows the beam current per pulse Ei(£)
normalized to calculations of Das?) using
= 2.5x 10" protons/pulse, 2 neutrons/proton.

Two instruments were operated at ZING-P. A
time-focussed powder diffractometer with incident
and scattered neutron paths 4.34 and 4.6 m and
scattering angle 26 = 150° with detectors subtend-
ing 0.2 sr solid angle was erected at the vertical
beam. The resolution 4Q/Q ~ 0.01 for all O, and
the instrument provided wuseful data for
350<40A. A more complete description of
the instrument was given in ref. 25 with examples
of some results. Recently the measurement on
Pr,0,, has been analyzed with the result shown in
fig. 21. The profile refinement of 463 lines in the
data 0.75<d <2 A resulted in a fit of the two lat-
tice constants and 9 atomic position coordinates
with x4 = 1.77, using Jorgensen’s line shape func-
tion®). The crystal analyzer spectrometer operated
at the ZING-P slanted beam, with some illustra-
tive results is described elsewhere in this issue2).

The successful results on admittedly carefully
chosen experiments demonstrate the effectiveness
of pulsed spallation neutron sources for neutron
diffraction and neutron spectroscopy and their
great potential when they are developed to their
ultimate performance.
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9. Argonne’s intense pulsed neutron source

Argonne has proposed to construct the Intense
Pulsed Neutron Source (IPNSY’) which is an ex-
ample of the performance which can be obtained
in pulsed spallation neutron sources. IPNS is
based upon the High Intensity Synchrotron, an
800 MeV rapid cycling proton synchrotron of
20.3 m average radius operating at 60 Hz and hav-
ing space charge limit of 5x 10" protons/pulse. H-
ions from a linear accelerator will be injected at
70 MeV by stripping in a thin foil. Single turn ex-
traction will provide a proton pulse 250 ns long. A
NaK-cooled #8U target will produce 30 n/p so that
the average neutron production rate s
Sy=9x10"n/s. Three differently tailored hy-
drogenous 10 x 10 cm? moderators surrounding the
target will provide slow neutron beams to twelve
beam holes. The proton beam will be shared with
a radiation effects facility.

Fig. 22 shows the IPNS slow neutron target and
moderator assembly. Calculations by Das for 2"

L T 1 I [

874

0.935 0.999

0.872

S16

0.809
ys7

(LRI TURE L T OO N CC N LT L T O T T A AU I ]
1

0.746
397

1750 |
oo |
Diffraction pattern of Pr;0,, powder measured at ZING-P- The solid line is a profile fit using the function of Jor-

). Dashes represent the fitted reflections.

o o =5 CH, moderators in this arrangement are given in
= =HDSTH o S : . -
SHNOH 69 210L4d ONIZ 9 For moderator C with 0.05cm Cd 2.55¢cm be-
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5

RS

PROTON BEAM

Fig. 22. The target, moderator, reflector assembly of the IPNS
Neutron Scattering Facility. The proton beam enters horizon-
tally, and impinges on the NaK-cooled target. Close by the tar-
get are three moderators, two above, and one below. All mod-
erators are taken for the purposes of this conceptual design to
be 10cmx 10cm and Scm thick, of CH, (which is nearly
equivalent to H,0). Moderator A is surrounded on its four
Scmx 10 cm faces by a layer of B}°C, 0.5 cm thick, taken to
have a density of 1.6 g/cm3 and the beam openings are lined
with a similar layer.

low the viewed surface and Ir,/EIE),.v=3.5 and
7 =1(0.05eV) =30 us, the effective peak thermal
neutron flux will be ¢, = 10" n/cm?-s. Fig. 23
shows the effective peak flux per unit energy and
the pulse width for the same moderator, compared
with the flux spectra for the ambient and hot
sources at the ILL reactor.

TABLE 14
IPNS moderator beam currents.

Moderator EIE) ey
A 2.8x 104
A, 25x10-4
B 2.5% 104
C 45%x10-4

CARPENTER

10 r T — T
IPNS MODERATOR C
300K CH,
10X10XScm
7 Cd at 2.5cm
10"+ B
T ,
16
3107 9
o ILL
8 300K D,0
o SOURCE
€ 15
5 s ¢ = 1.2%I0
) L Th
i 2000K
) GRAPHITE
5 HOT SOURCE
0% b Hi02
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B L do &
10 IPNS MODERATOR C S
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Fig. 23. Effective peak flux and pulse width for IPNS reference
moderator C. The spectra for the ILL ambient temperature
D,0 source and the 2000 K graphite hot source are shown for
comparison.

10. Conclusion

Pulsed spallation neutron sources are a new
generation of sources for slow neutron spectros-
copy. The much increased thermal neutron fluxes
and the unprecedently higher epithermal neutron
fluxes which they offer will relieve the limitations
on many classes of measurements which now ex-
ist and open up unique new areas for investiga-
tion.
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